ABSTRACT Heat stress exerts a profound impact on the resistance of plants to parasites. In this research, we investigated the impact of an acute transient heat stress on the resistance of the wheat line ÔMolly,Õ which contains the R gene H13, to an avirulent Hessian ßy (Mayetiola destructor (Say)) population. We found that a signiÞcant portion of Molly seedlings stressed at 40ЊC for 6 h during or after the initial Hessian ßy larval attack became susceptible to otherwise avirulent insects, whereas unstressed control plants remained 100% resistant. SpeciÞcally, 77.8, 73.3, 83.3, and 46.7% of plants heat stressed at 0, 6, 12, and 24 h, respectively, after the initial larval attack became susceptible. Biochemical analysis revealed that heat stress caused a transient decrease in 12-oxo-phytodienoic acid, but an increase in salicylic acid accumulation in Molly plants. The change in phytohormones after heat stress and Hessian ßy infestation was not observed in ÔNewton,Õ a near-isogenic but Hessian ßy susceptible wheat line. Instead, heat stress caused a relatively prolonged reduction in palmitoleic acid. The role of phytohormones in heat-induced loss of wheat resistance was discussed.
Heat stress exerts profound impacts on plants. Heat alters membrane ßuidity and permeability (Alfonso et al. 2001 , Sangwan et al. 2002 , inßuences enzyme activities (Vierling 1991 , Kampinga et al. 1995 , induces production of active oxygen species (Suzuki and Mittler 2006) , reduces photosynthesis and carbon gain (Way and Sage 2008) , and modiÞes growth and reproduction (Cheikh and Jones 1994, Zinn et al. 2010) . The responses of plants to heat stress at multiple levels reßect the adjustments of plants trying to adapt, survive, and develop in stressed environments (Garrett et al. 2006) . In this process, the ability of plant to defend against biotic stresses may be affected. In plantÐpatho-gen interactions, heat stress often reduces plant immunity and inhibits disease resistance (Zhu et al. 2010b) . When temperature was raised from 22 to 28ЊC, Arabidopsis plants became more susceptible to virulent Pseudomonas syringae pv. tomato (Pst) DC3000 (Wang et al. 2009 ). The N gene that conveys resistance in tomato plants to tobacco mosaic virus (TMV) is effective at 22ЊC, but inactivated at 30ЊC (Whitham et al. 1996) . In plantÐinsect interactions, higher temperature may decrease or increase plant resistance. Resistance of alfalfa varieties to spotted alfalfa aphids is less effective at higher temperatures (Isaak et al. 1963) , whereas in sorghums, expressions of tolerance and antixenosis to greenbug biotypes C and E are greater at 30ЊC than at 26ЊC (Thindwa and Teetes 1994) .
The Hessian ßy, Mayetiola destructor (Say), is one of the most destructive pests of wheat, Triticum aestivium L., in North America and North Africa (Berzonsky et al. 2003) . Wheat and Hessian ßy populations interact in a typical gene-for-gene manner (Hatchett and Gallun 1970) . Attacks from a speciÞc avirulent Hessian ßy larva to a wheat plant containing an effective R gene invoke vigorous defense responses from the plant, resulting in the death of the attacking insect (Shukle et al. 1990 ). Most, if not all, Hessian ßy R genes are temperature-sensitive even though the effective range of temperatures varies from gene to gene. For example, effectiveness of resistance conferred by H10, H11, and H12 can be reduced at 24ЊC (Buntin et al. 1990 ), while resistance in synthetic hexaploid wheat derived from Triticum tauschii (Coss.) Schmal. is signiÞcantly reduced at 31ЊC (Tyler and Hatchett 1983) . The reduction of wheat resistance to Hessian ßy induced by heat stress may be transitory, and the resistance can be restored after the plants recovered from heat stress (Liu et al. 2013) . The loss of host resistance may reßect compromised plant defense mechanisms under heat stress conditions. We are interested in the impact of transient heat stress on the resistance of wheat plants to Hessian ßy infestation and the molecular mechanisms underlining heat-induced loss of host resistance. On attacks from avirulent Hessian ßy larvae, resistant wheat rapidly mobilizes membrane lipids and other resources, leading to altered phytohormone and fatty acid proÞles (Zhu et al. 2008 (Zhu et al. , 2010 (Zhu et al. , 2012 . Many phytohormones regulating plant defense responses to parasites are also involved in plant responses to heat stress. For example, pretreatment of plants with salicylic acid (SA) increases basal thermotolerance of Arabidopsis (Larkindale et al. 2005) ; the cpr5Ð1 mutant exhibiting constitutive activation of SA, jasmonic acid (JA), and ethylene (ET) signaling pathways, displays enhanced tolerance to heat stress (Clarke et al. 2009 ); applying wild-type Arabidopsis with heat stress leads to increased accumulation of 12-oxo-phytodienoic acid (OPDA) along with JA and a JA-isoleucine (JA-Ile) conjugate in the plants (Clarke et al. 2009 ). Fatty acids are biosynthetic precursors of JA and OPDA, and they are degradation products of membrane lipids that are sensitive to various stress factors (Kachroo and Kachroo 2009 ). Therefore, fatty acids are profoundly involved in plant defense against parasites and adaptation to heat stress (Stintzi et al. 2001 , ChandraShekara et al. 2007 , Kachroo and Kachroo 2009 . The importance of phytohormones and fatty acids in plant defense responses to both abiotic and biotic stresses leads us to ask the question: What has heat stress done to the proÞles of phytohormones and fatty acids that might contribute to the loss of plant resistance? We are particularly interested in the effect of acute heat stress transiently introduced to plants for two reasons: 1) Changes caused by acute heat stress at molecular levels are presumably more signiÞcant than that of mild heat stress and thereby can be easily identiÞed; 2) Acute, but transient, heat stress occurs often in natural environments, but its effect has not been well studied in the context of plantÐparasite interactions. The objectives of this research are: 1) To evaluate the effect of transient heat stress (40ЊC for 6 h) on the resistance of wheat plants to Hessian ßy infestation; 2) to proÞle the phytohormones and fatty acids in a resistant wheat line under heat stress. Our Þndings will add to the understanding of heat-induced loss of resistance to parasites in plants.
Materials and Methods
Plant and Insect Materials. Wheat genotypes ÔMollyÕ and ÔNewtonÕ were used in the study. Molly contains R gene H13 and is a near-isogenic back-cross line of the susceptible wheat Newton (Patterson et al. 1994 ). The Hessian ßy population called "White eye" was used for infestation of plants. The White eye population is avirulent to Molly at room temperature or below, but virulent to Newton under the same condition (Shukle and Stuart 1993) .
Plant Preparation and Infestation. Fifteen pregerminated Molly seeds were planted in each pot of 10 cm in diameter. The pots were placed in a growth cart under room temperature (23ЊC). The cart was equipped with growth lights set at a photoperiod of 14:10 (L:D) h. Plants that signiÞcantly lagged in development were removed from the pots before infestation. At 1.5 leaf stage, approximately eight mated female Hessian ßy adults were released onto plants conÞned within a cage with screen. These ßies immediately laid eggs on wheat leaves. After eggs hatched in Ϸ 72 h, larvae crawled down to the bottom of plants, established between the Þrst and the second leaf sheaths, and fed on the second leaf sheath. To determine the time when Hessian ßy larvae initiated attacks to plants, a set of infested plants under the same environment were dissected and observed hourly under a dissection microscope at the fourth day after infestation. The time at which Hessian larvae were Þrst seen at the base of examined plants was deÞned as the time for the initial attack.
Heat Treatment of Molly Plants. Plants were placed in an incubator preadjusted at 40ЊC for 6 h starting at 0, 6, 12, 24, and 48 h, respectively, after the initial Hessian ßy larval attack. Control plants were treated the same way, but without heat stress. All plants were moved back to room temperature under the designated light and dark cycle after treatments. Each treatment was repeated three times.
Resistance Evaluation of Molly Plants. Seven days after the initial larval attack, each plant in a pot was dissected and checked for dead and live larvae under a dissecting microscope. Plants containing live larvae were designated susceptible, and plants with only dead larvae were resistant. Mean percentages of susceptible plants were calculated and compared among treatments. Meanwhile, numbers of live larvae in susceptible plants were counted, and the percentage of surviving larvae was calculated as the total number of live larvae divided by the total number of larvae in the susceptible plants in a treatment.
Heat Treatment of Molly and Newton for Phytohormone and Fatty Acid Analysis. At 1.5 leaf stage, Molly and Newton plants were subject to the following treatments as described in the Table 1 . Treatment A is the control. Owing to limitation of equipment, heat stress was conducted in an incubator with no light supply; therefore, treatment B was established to eliminate the effect of dark treatment accompanying the process of heat treatment. Comparison among treatments B, C, and D allows us to examine the effects of heat stress either immediately after completion of the heat treatment, or 12 h after completion of the heat treatment. The experiments were arranged following complete randomized block design (CRBD) with four replicates. Samples were collected from the second leaf sheath, the location where larval attacks would have taken place if plants were infested. Samples from the same pot were pooled into a preweighed 1.5-ml Eppendorf tube placed on ice. The samples were then weighed, immediately placed into liquid nitrogen, and stored in a Ϫ80ЊC freezer until the extraction of phytohormone and fatty acids. Extraction and Analysis of Phytohormones and Fatty Acids. Chemical ionizationÐ gas chromatography and mass spectrometry (GCÐCIÐMS) was used to analyze phytohormones and fatty acids. The measurement was carried out in the Kansas Lipidomics Research Center at Kansas State University following the procedure described by Schmelz et al. (2004) . Brießy, frozen tissue was ground in liquid nitrogen and poured into 1.5-ml FastPrep tubes containing Ϸ1 g of 1.1-mm Zirmil beads (Saint-Gobain ZirPro, Mountainside, NJ). Three hundred microliter of 1-propanol: H 2 O: HCl (2: 1: 0.005, vol:vol:vol) extraction buffer and a mixture of internal standards (100 ng of each phytohormone and fatty acid) were added to the samples. Tissues were pulverized by a FastPrep FP 120 homogenizer (Qbiogene, Carlsbad, CA). After being homogenized for 10 s, 1 ml dichloromethane (CH 2 Cl 2 ) was added to each sample, and the samples were rehomogenized and centrifuged for 3 min at room temperature at 12,000 rpm. For the derivatization, the bottom CH 2 Cl 2 :1-propanol layer was transferred to a 4-ml glass vial in which 20 l of 400 mM trimethylsilyldiazomethane in CH 2 Cl 2 was added. The samples were vortexed and incubated for 30 min at room temperature to allow methyl ester formation. Once methyl ester formation was complete, 20 l of 400 mM acetic acid in CH 2 Cl 2 was added to quench the reaction. The samples were vortexed again and then incubated for 30 min at room temperature. Finally, vapor phase extraction was performed to the samples. Super Q Þlters (Alltech Associates Inc., DeerÞeld, IL) were used to collect the phytohormones and fatty acids. The Super Q Þlter was placed in the high temperature septum of the vial. A needle supplying a stream of nitrogen gas was inserted into the septum and a vacuum line was connected to the Super Q Þlter. The vial was placed in a 70ЊC heating block until the solvent evaporated. The dry vial was then transferred to a heating block at 200ЊC for 2 min to recover less volatile compounds. The Super Q Þlters were eluted into inserts of GC vials with 150 l of CH 2 Cl 2 and analyzed by gas chromatographyÐmass spectrometry (GCÐMS, Agilent Technologies, Wilmington, DE). GCÐMS analysis of the derivatized extracts was performed on an Agilent model 6890N GC coupled to an Agilent model 5975 quadrupole mass selective detector (MSD). Separation was achieved on a DB-1MS fused silica capillary column. One-microliter samples were injected in a splitless mode with an Agilent 7683B series autosampler. The MS was operated in the chemical ionization (CI) mode with methane as the ionization gas. The phytohormones and fatty acids, as well as their corresponding internal standards, were monitored using a selective ion for each analyte (SIM mode) as follows: SA (153) Statistical Analysis. Outliers were removed from the data based on the results of DixonÕs Q test (Dixon 1950 ) before further statistical analysis. Analysis of variance (ANOVA) was conducted using PROC GLM (SAS Institute 1999). Means were compared, and the signiÞcance of differences was determined by least signiÞcant difference (LSD; ␣ ϭ 0.01).
Results

Resistance of Molly Wheat Seedlings Under Heat
Stress. Without heat treatment, larvae in Molly seedlings were all dead at the time of examination, and the plants exhibited complete resistance (Fig. 1) . When plants were exposed to 40ЊC for 6 h starting at 0, 6, 12, and 24 h, respectively, after the initial larval attack, an average of 78, 73, 83, and 47% of plants became susceptible (Fig. 1) . No plant became susceptible when the heat treatment was applied at 48 h after the initial larval attack. It seemed that less plants lost resistance and less larvae survived in plants heat stressed at 24 h than stressed at earlier time points (Figs. 1 and 2 ).
Phytohormone and Fatty Acid Levels in Control Plants. Eleven compounds were analyzed in Molly and Newton plants. Those compounds are phytohormones including SA, JA, IAA, and ABA, the precursors in SA synthesis BA and CA, the precursor in JA synthesis OPDA, and fatty acids FA16:1, FA18:3, FA18:2, and FA18:1. In the control plants growing under room temperature and normal light and dark cycles (Treatment A), signiÞcant differences in the concentrations of the different compounds exist in each line (Molly: F ϭ 110.28; df ϭ 10, 30; P Ͻ 0.0001; Newton: F ϭ 20.74; df ϭ 10, 20; P Ͻ 0.0001). FA18:1 was the most abundant compound followed by OPDA and FA16:1 in both lines, while IAA and ABA were the least abundant (Table 2 ). Mean concentrations of the phytohormones SA and JA appeared to be higher than those of IAA and ABA. Relative concentration of all compounds except FA18:2 and BA were similar between Molly and Newton (Table 3) . FA18:2 was higher in Molly (F ϭ 196.00; df ϭ 1, 2; P ϭ 0.0051), while BA was higher in Newton (F ϭ 121.75; df ϭ 1, 2; P ϭ 0.0081).
Impact of Heat Stress on Phytohormones and Fatty Acids. In Molly, the result of ANOVA on the concentration (ng/mg FW) of each compound indicated that the effect of the treatment was signiÞcant only in SA (F ϭ 40.23; df ϭ 3, 9; P Ͻ 0.0001) and OPDA (F ϭ 17.42; df ϭ 3, 9; P ϭ 0.0004; Table 4 ). The heat stress caused a temporary increase in accumulation of SA (Fig. 3) and a decrease in OPDA (Fig. 4) , and the effect diminished at 12 h after the recovery of plants from heat stress.
In Newton, however, the effect of heat stress was signiÞcant only in the concentration of FA16:1 (F ϭ 30.97; df ϭ 3, 6; P ϭ 0.0005; Table 5 ). The heat stress caused a signiÞcant reduction in the accumulation of In the same column, numbers marked with different letters are signiÞcantly different at ␣ ϭ 0.01; n ϭ 4 for each mean value in Molly, and n ϭ 3 in Newton. The relative concentration was derived by dividing the concentration (ng/mg FW) of each compound with the total concentration of the 11 compounds in a treatment for each replicate.
Bold faced numbers indicate that the mean relative concentrations are statistically different between Molly and Newton at ␣ ϭ 0.01. n ϭ 4 for each mean value in Molly, and n ϭ 3 in Newton. Degree of freedom for F test: Overall ANOVA df ϭ 6, 9; Treatment df ϭ 3, 9; Replicate df ϭ 3, 9.
FA16:1, and the effect remained at 12 h after the recovery of plants from heat stress (Fig. 5 ).
Discussion
Our results indicate that acute transient heat stress can induce the loss of R gene-mediated resistance in wheat to Hessian ßy infestation. This occurs only during the Þrst 24 h after infestation, probably because the defense mechanisms of plants have not yet been fully established during this period of time.
Under the same intensity and duration of heat stress, the accumulation of SA in Molly seedlings was enhanced (Fig. 3) . Increase in SA was observed in Molly infested with avirulent biotype in incompatible interactions (Zhu et al. 2010 (Zhu et al. , 2011 . Given the importance of SA in regulating plant responses to biotic and abiotic stresses, the fact that heat stress and avirulent Hessian ßy infestation induce similar responses in SA accumulation in the same tissue of the same wheat line suggests that the increase of SA may be a general response of wheat plants to both biotic and abiotic stresses. On the contrary, the accumulation of OPDA in Molly was signiÞcantly reduced under heat stress (Fig. 4) . OPDAÕs roles in plant resistance to insect parasites have been recognized in recent years (Stintzi et al. 2001; Zhu et al. 2010a Zhu et al. , 2011 ; however, few studies related OPDA to plant responses to heat stress. Clarke et al. (2009) reported that applying heat stress on Arabidopsis caused increased accumulation of OPDA, which is inconsistent with our results. The discrepancy could be attributed to the difference in species of the plants used in the study or the tissue types collected for analysis. Nonetheless, the response of Molly seedlings to heat stress in OPDA accumulation is contradictory to its response to avirulent Hessian ßy infestation, in which OPDA was highly induced in the incompatible interaction (Zhu et al. 2010a (Zhu et al. , 2011 . Such comparison seems to suggest that higher level of OPDA accumulation is critical in the effectiveness of wheatÕs resistance, and that the reduction of OPDA accumulation caused by heat stress may contribute to the loss of resistance of wheat plants to Hessian ßy infestation.
Newton, however, responds to heat stress differently from Molly. Heat stress did not affect ODPA and SA accumulations in Newton plants, but signiÞcantly reduced FA16:1 accumulation, and the reduction remained at 12 h after the recovery of plants from the heat stress treatment (Fig. 5) . FA16:1 is involved in plant responses to biotic and abiotic stresses in various species (Xing and Chin 2000 , Liu and Huang 2004 , Smith et al. 2010 ; however, its role in wheatÐHessian ßy interactions has not yet been identiÞed. Nevertheless, our results reveal that Newton seedlings respond to heat stress differently from Molly in the accumulations of SA, OPDA, and FA16:1. Given that Molly and Newton are near-isogenic lines that differ in their reactions to Hessian ßy infestation, the different responses in accumulations of phytohormones and fatty acids may, to a certain extent, relate to their abilities to interact with Hessian ßy infestation.
